van Breukelen, Frank, and Sandra L. Martin. Translational initiation is uncoupled from elongation at 18°C during mammalian hibernation. Am J Physiol Regulatory Integrative Comp Physiol 281: R1374-R1379, 2001.-Cellular and organismal homeostasis must be maintained across a body temperature (Tb) range of 0 to 37°C during mammalian hibernation. Hibernators depress biosynthetic activities including protein synthesis, concordant with limited energy availability and temperature effects on reaction rates. We used polysome analysis to show that initiation of protein synthesis ceases during entrance into torpor in golden-mantled ground squirrels (Spermophilus lateralis) when Tb reaches 18°C. Elongation of preinitiated polypeptides continues slowly throughout the torpor bout. As Tb begins to rise, initiation resumes even at temperatures below 18°C, although the euthermic polysome pattern is not reestablished. At precisely 18°C, there is a large increase in initiation events and a complete restoration of euthermic polysome distribution patterns. These data indicate a role for both passive and active depression of translation during torpor and are consistent with a requirement for new protein biosynthesis during each interbout arousal. protein synthesis; polyribosome; ribosome WHEN FACED WITH LIMITED FOOD availability and cold, hibernating mammals enter a state of metabolic depression known as torpor. During torpor, core body temperature (T b ) can be as low as Ϫ2.9°C (1, 6), leading to energy savings of up to 90% (27). The typical hibernation cycle includes four distinct T b phases; two phases are highly dynamic, two are relatively static, and all four are precisely controlled. Hibernation begins when T b declines relatively slowly to the low value characteristic of torpor; this stage is called entrance. The ensuing period of sustained low T b , torpor, may last 1-3 wk. Arousal rapidly returns the T b of the animal to typical euthermic temperatures, a period called interbout arousal, and then the cycle begins anew ( Fig. 1; Refs. 2, 8, 11 ). This cycle repeats itself numerous times throughout the ϳ6-mo season of hibernation in the golden-mantled ground squirrels studied here.
The physiological purpose of the interbout arousal is not known, although the fact that it consumes as much as 70% of the total energy of a hibernation season suggests that it is critical for either the process of hibernation or its survival (27) . Many hypotheses have been set forth to explain the need for a return to the euthermic state, and most predicted that the interbout arousal was needed to rid the animal of some waste product. However, to date, no such waste product has been identified. One possible function of these periodic arousals is that they are necessary to replenish cellular stores of critical gene products, particularly proteins (15) . If interbout arousals function to restore gene products, it follows that protein synthesis will be reduced dramatically during torpor, then fully restored during the euthermic periodic arousal.
Indeed, results of other investigations suggest that protein synthesis declines dramatically during torpor (7, 9, 13, (29) (30) (31) . In vivo incorporation of radiolabeled amino acids into acid-precipitable material in liver, heart, kidney, and spleen was reduced to 0.13-0.5% of active euthermic rates during torpor. Furthermore, radiolabel incorporation was hyperactivated ϳ1.5-to 2-fold during interbout arousal compared with summer animals (31) . It is not possible to use this labeling approach to examine either the onset of depression during entrance or its reversal during arousal because the kinetics of T b decline and recovery are too fast relative to those of radiolabeled precursor delivery. For example, Frerichs et al. (7) noted a marked depression of translation in a single animal that was entering torpor, but these data are complicated by an 11.5°C T b decline during the 2-h experiment.
Other workers have established that actin mRNA is typically found entirely in polysomes in actively translating cells and shifts to the nonpolysomal region of sucrose gradients when translation is reduced (16) . Thus, to address the effect of changing T b on translation, we analyzed the actin mRNA distributions in polysome gradients from radiotelemetered animals across the entire torpor cycle, including multiple temperatures from entrance and arousing animals. Liver extracts from summer active (SA) and interbout-aroused (IBA) animals had polysome profiles indicative of active translation. In contrast, translation was dramatically depressed in torpid animals. The data indicated a profound temperature effect at 18°C on the initiation of translation.
MATERIALS AND METHODS
Animals. Adult golden-mantled ground squirrels (Spermophilus lateralis) were captured and housed as described previously (14) . Squirrels were implanted with radiotelemeters that provided T b data and that are accurate to Ϯ0.5°C at low temperatures and to Ϯ0.1°C from 15 to 40°C (model VM-FH disc; Mini Mitter, Sun River, OR). Torpid ground squirrels had Tb of ϳ5-7°C. Livers were obtained from ground squirrels representing the following stages of the torpor cycle: euthermic animals killed in summer (SA; n ϭ 3); torpid for ϳ2 days [early torpor (ET); n ϭ 5]; torpid for 7 days [late torpor (LT); n ϭ 3]; euthermic in between torpor bouts (IBA; n ϭ 3); and animals either entering or arousing from torpor (n ϭ 13 and 12, respectively). All squirrels except those in deep torpor were killed by CO 2 asphyxiation; torpid animals were killed by decapitation because of their low respiratory rates. Livers were removed, snap-frozen in liquid N2, and stored at Ϫ80°C until use. Animal protocols were approved by the University of Colorado Animal Care and Use Committee.
Sucrose gradient preparation and fractionation. Sucrose gradient preparation and fractionation for polysome analysis were performed under RNase-free conditions. Approximately 1 g of frozen liver was pulverized in liquid nitrogen. The powder was homogenized in five volumes of ice-cold 25 mM Tris ⅐ HCl, pH 7.6, 25 mM NaCl, 10 mM MgCl 2, 250 mM sucrose, 1 mg/ml heparin, and 0.1 mg/ml cycloheximide with six passes of a Dounce B pestle and three passes with the A pestle. The homogenate was centrifuged for 5 min at 26,000 g at 4°C. After adjustment to 0.5% each of sodium deoxycholate and Triton X-100, the supernatant was carefully layered on top of a 0.5-to 1.5-M sucrose gradient containing 10 mM Tris ⅐ HCl, pH 7.6, 300 mM NaCl, 10 mM MgCl 2, 0.1 mg/ml heparin, and 0.1 mg/ml cycloheximide. The samples were centrifuged for 3 h at 235,000 g at 4°C in a swinging bucket rotor. The gradients were recovered in 1-ml fractions using an ISCO flow cell set to 254 nm and snap-frozen in liquid N 2.
Northern blot analyses. RNA was isolated from the individual sucrose gradient fractions using TriZOL LS (GIBCO).
RNA was electrophoresed on a 0.8% agarose-formaldehyde gel and transferred to nitrocellulose. The nitrocellulose was baked for 2 h at 75°C before hybridizing to a 32 P-labeled fragment of actin DNA that had been cloned previously from ground squirrel tissue in our laboratory (21) . The actin fragment was radiolabeled using a Redi-prime II kit (Amersham Pharmacia). Typically, 5 ϫ 10 6 counts/min of radiolabeled probe were hybridized to the blot as described previously (23) .
Dot blot analyses. The utilization of actin mRNA as an indicator provides an advantage of greater precision than simple polysome profiles based on ultraviolet absorbance because dot blots followed by hybridization and phosphorimage analysis are readily and accurately quantitated. A 60-l aliquot from each gradient fraction was added to 233 l of 0.6 mM EDTA, 0.9 M NaCl, 0.09 M sodium citrate, pH 7.0 [6ϫ standard sodium citrate (SSC)], and 9.4% (vol/vol) formaldehyde and heated to 65°C for 15 min. Sixty-microliter samples were applied to nitrocellulose, washed with 2ϫ SSC containing 0.1% iodoacetate, and then hybridized to the radiolabeled actin fragment. Quantitation of 32 P-probe hybridization was done by phosphorimage analysis (ImageQuant, Molecular Dynamics), and the value for each fraction was normalized as a percentage of total radioactivity throughout the gradient for that animal.
RESULTS
Northern blot analysis from SA, IBA, and torpid (ET, LT) animals revealed a dramatic reduction of material (intact 18S and 28S rRNA as well as actin mRNA) from the bottom, polysome-containing region of the gradient in the torpid animals (Fig. 2) . The shift in the position of both actin mRNA and rRNA in the gradients indicates a global depression of hepatic protein synthesis during torpor.
Quantitative dot blot analysis of actin mRNA association with polysomes reveals that both SA and IBA animals have distribution patterns typical of fully engaged, translationally active polysomes (Fig. 3, A and  B) . In contrast, polysome profiles of LT animals indicate that hepatocytes in torpid animals have few initiated nascent chains and are not translationally active (Fig. 3C) . A polysome profile intermediate to these two extremes is obtained from ET (2 days into the bout) where a bimodal distribution typical of a block in translational initiation (17) was observed; actin mRNA was present in both lighter (fractions that contain monosomes and oligosomes) as well as heavier (fractions that contain polysomes) fractions (Fig. 3D) .
Early entrance squirrels (T b Ͼ 18°C) had polysome profiles indicative of fully coupled, translationally active polysomes (Fig. 4A) . Precisely when T b dropped below 18°C, however, there was a sudden uncoupling of initiation from elongation, and the bimodal distribution characteristic of ET became apparent (Fig. 4B) . In early arousing animals, there was a more even distribution of actin mRNA across the gradient compared with LT (Fig. 5A) . Finally, as T b reached or exceeded 18°C, polysome profiles were fully restored to match those typical of active animals (Fig. 5B) . it follows that normal translational activity represents an energetic expense that is incompatible with hibernation. However, the maintenance of cellular homeostasis mandates a replenishment of protein pools. Results of previous studies using different methods indicated that protein synthesis is markedly reduced Results of quantitative dot blots following hybridization to a radiolabeled actin probe of gradient fractions from SA animals (n ϭ 3; A), IBA animals (n ϭ 3; B), animals that had been torpid for ϳ7 days (LT) (n ϭ 3; C), and animals that had been torpid for ϳ2 days (ET) (n ϭ 5; D). Each symbol represents the profile obtained from an individual animal. Values represent the percentage in that particular fraction of total radioactivity for the entire gradient. during hibernation but is fully restored during the interbout arousal (9, 29, 31) , consistent with our data from polysome profiles.
By using an approach that permits evaluation of the translational apparatus at each stage through a bout of hibernation, we demonstrate that the depression of protein synthesis is not static, but rather is a dynamic process across the torpor cycle. We observed a bimodal distribution of actin mRNA association with ribosomes in ET animals. Such a distribution indicates a block in initiation but also suggests that there is substantial heavy polysome material (17) . However, later in the torpor period, the heavier peak was lost (Fig. 3, C and  D) . This must mean that either 1) elongation continues on preinitiated peptides during torpor until termination occurs and the ribosomes release the mRNA or 2) polysomes spontaneously dissociate as torpor progresses. The first of these possibilities is more likely for several reasons. First, previous translation studies using in vivo radiolabeling demonstrated severely depressed, but measurable, incorporation during torpor (7, 9, 31) , and some of this radiolabel incorporation was inhibited by cycloheximide (9) . Second, data from cell-free translation assays using extracts from hibernating ground squirrel livers demonstrated that translation was inhibited in the presence of cycloheximide (which affects both initiation and elongation) but not aurintricarboxylic acid, an initiation inhibitor (9) . Thus all of the observed protein synthesis in these assays is explained if elongation continues on only preinitiated polypeptides. Finally, even under conditions that might favor spontaneous depolymerization of polysomes (e.g., very long mRNA sequences; Ref. 26) , few nascent polypeptides abort and fail to complete the elongation process (for review, see Ref. 17) .
The data from the entrance and arousal animals reveal a rapid and acute onset of the uncoupling of initiation from elongation. As T b decreased during entrance into torpor, the polysome profiles were indistinguishable from euthermic animals until T b reached 18°C. Once T b dropped below 18°C, however, initiation appeared to be blocked and the bimodal distribution pattern of ET is observed (Fig. 4B) . This suggests that the bulk of initiation is temperature dependent and ceases below T b of 18°C. As the torpor bout progressed, the run-off of preinitiated polypeptides continued until no polysomes remained by the end of torpor (LT; Fig.  3C) . Surprisingly, the apparent temperature sensitivity of initiation seen during entrance is partially overcome in early arousing animals when T b is still below 18°C, because the actin mRNA begins to distribute across the gradient again compared with late in torpor (Fig. 5A) . However, the euthermic pattern is not rees- tablished. Finally, as T b rose above 18°C, a burst of initiation events fully restored the polysome profiles to match those typical of active animals (Fig. 5B ). There were no significant reductions of dot blot signal intensity between the early arousers and animals from other groups, which would be expected if there was an overall depletion of actin mRNA from the gradient fractions (data not shown). Thus increases in actin mRNA associated with polysomes suggest limited initiation events occur at these low T b s, even though rates of initiation and elongation are not fully coupled until the animal reaches a T b above 18°C. Taken together, these data suggest a role for both active suppression as well as passive (temperature dependent) depression of translation during torpor.
It is not surprising that initiation appears to be the step of translation that is most highly regulated in the liver during hibernation. Polysome profiles obtained for hypoxic or starved rats as well as quiescent embryos of the brine shrimp, Artemia franciscana (12) , are consistent with a block in initiation (10, 24) . The initiation of translation is thought to be the rate-limiting step of protein synthesis and is mediated through the eukaryotic initiation factors (eIF). Two processes are most amenable to regulation: the formation of the eIF4F complex and the guanine nucleotide exchange activity of eIF2B and eIF2 (for review, see Ref. 22) . It follows that a change in initiation factor availability or phosphorylation state at the end of the torpor bout is likely responsible for the limited initiation that we observed below 18°C. Phosphorylation of the initiation factor eIF2␣ increases from 2 to 13% in brains of torpid ground squirrels, although this limited degree of phosphorylation suggests other mechanisms of control may also be involved (7) . It should be noted that significant differences may exist between the metabolic regulation of the brain and the liver during torpor; brain temperatures are generally warmer than core T b s (3), and polysome profiles obtained from brain reveal a more moderate disaggregation during torpor than what we observed for liver (7) .
Although initiation appears to be the primary locus for protein synthesis regulation, the possibility exists for a role of elongation in downregulating hepatic translation. The rate of elongation limits the biosynthesis of certain gene products such as HSP70, LIN-14, and insulin (19, 25, 28) as well as overall synthetic rates under certain conditions (18) . An active inhibition of elongation has been noted in brains of hibernators; elongation and termination rates measured in extracts were about threefold slower for extracts derived from torpid squirrels than from their euthermic controls (7) . A passive regulation of elongation by temperature can markedly reduce elongation. Elongation and termination of polypeptides at 10°C are reduced ϳ50-fold compared with euthermic temperatures in rabbit reticulocytes (4) .
The implications of a diminished but continued production of nascent polypeptides during torpor warrant an examination of qualitative aspects of translational products. The identification of proteins that are made during such an energetically impoverished period could yield significant insight into the nature of the interbout arousal and the mechanisms that allow torpor per se. It is tempting to speculate that the slow elongation of nascent polypeptides during torpor provides critical gene products necessary for the maintenance of the hibernation phenotype. This scenario allows for the gradual decline of one or more key regulatory proteins by the end of a torpor bout when, in the absence of additional initiation events, protein turnover would deplete the cell of the critical gene product(s). Such depletion might serve to signal arousal from torpor.
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